Abstract-In this paper, we propose a novel architecture for hybrid radio frequency (RF)/free-space optics (FSO) wireless systems. Hybrid RF/FSO systems are attractive since the RF and FSO sub-systems are affected differently by weather and fading phenomena. For example, while 60-GHz RF systems are susceptible to rain, fog is detrimental to FSO systems. We show that a hybrid system robust to these impairments is obtained by joint bit-interleaved coded modulation (BICM) of the bit steams transmitted over the RF and FSO sub-channels. An asymptotic performance analysis reveals that a properly designed convolutional code can exploit the diversity offered by the independent sub-channels. Furthermore, we develop code design and power assignment criteria and provide an efficient code search procedure. The cut-off rate of the proposed hybrid system is also derived and compared to that of hybrid systems with perfect channel state information at the transmitter. Simulation results show that hybrid RF/FSO systems with BICM outperform previously proposed hybrid systems employing a simple repetition code and selection diversity.
combination of high-rate FSO with low-rate RF systems operating in the 2.4 GHz frequency band was proposed in [9] and experimentally validated in [10] , [11] . However, ultimately the achievable data rate of this type of hybrid system is limited by the small RF bandwidths available in the 2.4 GHz band. This problem can be overcome if the RF system operates in the MMW frequency band which supports data rates similar to those of FSO [12] [13] [14] . If instantaneous channel state information (CSI) is available at the transmitter, a simple CSI-dependent switching between the FSO and the RF system can be applied [9] . An efficient coding scheme based on low density parity check (LDPC) codes for hybrid RF/FSO channels with CSI at the transmitter has been proposed in [15] . To avoid the overhead necessary for CSI acquisition and to be robust against instantaneous interruptions caused by e.g. bird fly-through in the FSO system, transmitting the same data over both links has been proposed in [12] . In this scheme, the receiver detects the data streams received over the FSO and the RF links independently, and selects that data stream which is deemed more reliable on a frame-by-frame basis. This approach may be viewed as a simple repetition code across both links.
In this paper, we introduce a robust coding scheme for hybrid RF/FSO channels for the case when CSI is not available at the transmitter. From a communication theory point of view, the hybrid RF/FSO channel can be modeled as a heterogeneous block fading channel with two independent sub-channels having different fading statistics and favoring different modulation schemes. Coding for homogeneous block fading channels having identical statistical properties has been extensively studied in the literature [16] , [17] . Bit-interleaved coded modulation (BICM) [18] was shown to achieve closeto-optimum performance in this type of channel [19] and efficient code designs have been reported [20] , [21] . As will be shown in this paper, BICM is also well suited for the heterogeneous block fading channel typical for hybrid RF/FSO systems. In particular, its convenient separation of coding and modulation facilitates the application of different modulation schemes over the RF and FSO sub-channels.
The remainder of this paper is organized as follows. In Section II, we introduce the system model for the proposed hybrid RF/FSO system. In Section III, we derive code design and power assignment criteria based on an asymptotic performance analysis. A code search procedure is outlined in Section IV, and the cut-off rate of the considered system architecture is provided in Section V. In Section VI, simulation results are presented, and conclusions are drawn in Section VII.
Notation: In this paper, (⋅), Γ(⋅), and (⋅) denote the th order modified Bessel function of the second kind, the 0090-6778/09$25.00 c ⃝ 2009 IEEE Gamma function, and the Gaussian -function, respectively. Furthermore, ℰ{⋅} denotes expectation and a function ( ) is ( ) if lim →0 ( )/ → 0. (⋅) * and ℜ{⋅} refer to complex conjugation and the real part of a complex number, respectively. Finally, . = means that and are asymptotically equal, and≤ means that is asymptotically smaller than .
II. SYSTEM MODEL
In this section, we present the equivalent discrete-time model for the received FSO and RF signals and introduce the proposed transmitter and receiver structures. We assume that both the FSO and the RF sub-systems have one transmit and one receive aperture, respectively. The transmitters and receivers, respectively, of both sub-systems are assumed to be physically close, in order to allow for joint processing of the transmitted and received signals of both sub-systems. Furthermore, both transmit apertures are assumed to have a direct line of sight to the respective receive apertures. The relevant parameters of the FSO and RF sub-systems considered for the numerical results in this paper are provided in Table I . The values in Table I were taken from [7] , [8] , [22] , [23] , [24] , [25] .
A. Channel Models
We assume that both the FSO and RF channels are constant during one codeword (quasi-static fading). Because of the very high data rates considered, this is a reasonable assumption even for mobile hybrid RF/FSO systems [11] , [26] .
FSO Channel: We consider an FSO system with intensity modulation and direct detection (IM/DD) [5] . The photocurrent generated by the photodetector is integrated over one symbol interval and the constant bias due to background radiation is removed. Under these conditions, for high-energy, shot noise (caused by background radiation) limited FSO systems the sufficient statistic in the 1 th symbol interval can be modeled as [27] - [23] 1
are the transmitted optical power, the average gain of the FSO link, the FSO fading gain with ℰ{ℎ 1 } = 1, the responsivity of the photodetector, the transmitted OOK symbol, and real-valued additive white Gaussian noise (AWGN) with variance
, where 1 denotes the weatherdependent attenuation coefficient (in dB/km) and is the link distance. For the probability density function (pdf) 1 (ℎ 1 ) of ℎ 1 we adopt the popular Gamma-Gamma fading model [5] , [6] 
where ℎ 1 ≥ 0 and parameters > 0 and > 0 can be adjusted to achieve a good agreement between 1 (ℎ 1 ) and measurement data for a wide range of turbulence conditions (weak to strong). Alternatively, assuming spherical wave propagation, and can be directly linked to physical parameters via [6] , [22] (1 + 0.9 2 + 0.62 2 12/5 ) 5/6
where 2 ≜ 0.5 2 7/6 11/6 , ≜ ( 2 /4 ) 1/2 , and ≜ 2 / 1 . Here, 1 , , and 2 are the wavelength, the diameter of the receiver's aperture, and the weather-dependent index of refraction structure parameter, respectively. Based on (1) we define the electrical signal-to-noise ratio (SNR) of the FSO link as
RF Channel: The received signal of the RF channel in the 2 th symbol interval is modeled as where and denote the transmit and receive antenna gains, respectively, 2 is the wavelength of the RF system, and oxy and rain are the attenuations caused by oxygen absorbtion and rain (both in dB/km), respectively. The RF noise variance is given by 2 2 [dB] = 0 + , where , 0 , and denote the RF bandwidth, the noise power spectral density (in dBm/MHz), and the noise figure of the receiver, respectively [8] . The fading gain ℎ 2 can be modeled as Ricean distributed [3] , [7] , [8] , where the Ricean factor depends on various factors such as link distance, antenna height, and the environment, and may also change with time in mobile applications [11] , [26] , [28] . The SNR of the RF link is defined as
Since both 1 and rain are weather dependent, we show the SNRs 1 and 2 in Fig. 1 for different weather conditions, where we have adopted 1 = 2 = 10 mW and the values given in Table I for all relevant parameters of the FSO and RF sub-systems.
B. Transmitter Structure
The transmitter stucture of the proposed hybrid RF/FSO system is shown in the top part of Fig. 2 [7] , [8] , [22] , [23] , [24] , [25] . 1 The symbol rates of both sub-systems are given by
FSO
where 1 and 2 denote the symbol durations of the FSO and the RF sub-systems, respectively, and 1/ is the information bit rate. Therefore, assuming FSO and RF sub-channels with (possibly different) coded bit rates of 1/ 1 and log 2 ( 2 )/ 2 , respectively, 1 and 2 have to fullfill
We note that both the CC and the AP have to be optimized for maximum performance, cf. Sections III and IV.
C. Receiver Structure
To simplify our notation, we define the normalized received signals
As shown in the bottom part of Fig. 2 , the received symbol streams of both links are demodulated to obtain the bit metrics [18] 
where ( ) denotes the subset of all symbols ∈ whose label has the value ∈ {0, 1} in position ,
Transmitter and receiver structure of proposed hybrid RF/FSO system. S/P: Serial-to-parallel conversion. P/S: Parallel-to-serial conversion. VD: Viterbi decoder. 
III. PERFORMANCE ANALYSIS AND SYSTEM OPTIMIZATION
In order to achieve the best possible performance, the CC and the AP have to be jointly optimized. Since the modulation schemes and the fading statistics are different in both sub-channels, results from the literature [16] , [17] , [21] derived for homogenous block fading channels are not directly applicable. In this section, we derive an asymptotic union bound on the codeword error probability (CEP), which will be exploited for optimization of the considered hybrid RF/FSO system subsequently.
A. Asymptotic Pairwise Error Probability (PEP)
For calculation of the union bound on the CEP, the PEP is needed. Consider the erroneous codeword¯≜ 1 + 1 ≤ ≤ , belong to symbols transmitted over the RF link. Because of the interleaving, the erroneous bits belong to different symbols, and, without loss of generality, we assume that bits [ ], 1 ≤ ≤ 1 , are mapped to symbols
The symbols corresponding to the erroneous bits are denoted bȳ
. Using (11) the metric difference for the considered error event can be expressed as [18] 
where vectors and¯contain the involved
, ∈ {1, 2}, respectively. Exploiting (1), (5), (6), and (8) and using the fact that
where
2 ( ,¯) and variance 2 Δ = 2 Δ . Furthermore, an error occurs if Δ( ,¯) < 0. Thus, the conditional PEP is obtained as
While the exact average PEP ( →¯) ≜ ℰ ℎ1,ℎ2 { ( → |ℎ 1 , ℎ 2 )} cannot be calculated in closed form, we show in the Appendix that for high SNR ( 1 ≫ 1 and 2 ≫ 1) the average PEP is given by
Euclidean distance of 2 , and 1 > 0 and 2 > 0 were assumed for derivation of (15) . We also exploited the inequality
Eq. (15) shows that codes with 1 > 0 and 2 > 0 guarantee that the asymptotic PEP decreases with increasing SNRs 1 and 2 . In this case, the RF and the FSO sub-systems both contribute to the reliability of the transmission and diversity is achieved. Thus, in this paper, we will only consider codes which achieve 1 > 0 and 2 > 0. We note that Fig. 1 shows that in practice it might not be possible to simultaneously achieve 1 ≫ 1 and 2 ≫ 1, which was assumed for derivation of (15), under all weather conditions and for all link distances. Nevertheless, codes guaranteeing 1 > 0 and 2 > 0 are robust against low SNR in one sub-channel and are able to exploit the high SNR in the other sub-channel.
B. Asymptotic Codeword Error Probability (CEP)
From (15) we can obtain an upper bound on the asymptotic CEP as [ 
where ( 1 , 2 ) denotes the number of error events with Hamming distances 1 and 2 for the FSO and RF subchannels, respectively. For the considered problem ( 1 , 2 ) depends on both the CC and the AP .
( 1 , 2 ) is given by the coefficients of the generalized transfer function (GTF) [20] , [21] (
We will explain in Section IV how ( 1 , 2 ) can be efficiently computed for the problem at hand. It is well known that the union bound in (16) is not necessarily tight. However, despite this deficiency, it was found in [21] that for homogeneous block fading channels codes optimized according to the union bound still outperform codes optimized according to other criteria [16] , [17] . Therefore, in Section IV, we will introduce a CC and AP search procedure which is based on (16).
C. Transmit Power Assignment
The total transmit power is given by = 1 + 2 and should be divided in an optimal way between 1 and 2 . 3 Furthermore, in practice, the maximum FSO transmit power 1,max and the maximum RF transmit power 2,max are both limited [2] , [30] . From (5), (8) , and (16) , we obtain the following optimization problem:
The optimum values for 1 and 2 can be found with the standard Karush-Kuhn-Tucker approach [31] for constraint optimization problems. Assuming there is a feasible solution, i.e., ≤ 1,max + 2,max , the optimum power assignment is given by (23) at the top of the next page.
For the case ≤ min{(1 + 1/ ) 1,max , (1 + ) 2,max , 1,max + 2,max } it is interesting to compare the optimum power assignment according to (23) with the pragmatic assignment 1 = 2 = /2. For the latter power assignment we obtain≤ 0 ( /2) −( +1) , whereas the optimum assignment yields≤ 0 ( /(1+ )
1+
) −( +1) . Thus, the asymptotic power gain achievable with the optimum power assignment is
i.e., the total power required to achieve a certain value for the upper bound on the asymptotic CEP is 10 log 10 ( ( )) dB higher with the pragmatic power assignment than with the optimum power assignment (23) . Not surprisingly, for = 1 (24) yields (1) = 1 since in this case equal power assignment is optimum, cf. (23) . For = 2, = 5, and = 10 we obtain from (24) power gains of 0.24 dB, 1.15 dB, and 1.69 dB, respectively. Furthermore, it can be shown that ( ) ≤ 2, ∀ > 0, i.e., the maximum power gain is limited to 3 dB, where the maximum gain is achieved for → 0 and → ∞. It is interesting to note that provided 1 > 0 and 2 > 0 the optimum power assignment is independent of the CC and the AP but only depends on the statistics of the FSO channel.
D. Bound on
For the CC and AP search it is of interest to find a bound on that guarantees that codes with 1 > 0 and 2 > 0 can be found. In this context, we note that the overall code rate including the effect of is ≜ / for sub-channel ∈ {1, 2}. It is clear that > 0 can only be achieved if ≤ 1 [32] . Thus, we obtain the necessary condition
A simple code with = ,max that achieves > 0, ∈ {1, 2}, is the repetition code with an arbitrary AP having 1 "1"s and 2 "0"s . Thus, (25) is sufficient and necessary for the existence of a full diversity code (i.e., > 0, ∈ {1, 2}). Note that by exploiting (10) ,max may equivalently be formulated in terms of 1 , 2 , and log 2 ( 2 ).
If both the FSO and the RF sub-channels support the same coded bit rate, 1 / 2 = 1 follows from (10), and we obtain from (25) ≤ 1/2. If the FSO and RF sub-channels support different coded bit rates, i.e., 1 / 2 ∕ = 1, the maximum code rate ,max is lower than 1/2.
IV. CODE AND ASSIGNMENT PATTERN SEARCH
In this section, we explain the proposed CC and AP search procedure. Furthermore, we outline how the GTF is computed and present some CC and AP search results.
A. Search Procedure
Since we adopt the upper bound on the CEP in (16) as optimality criterion, the optimum CC and AP have to minimize in (17) . To limit the complexity of the search procedure and following the reasoning in [21] we limit 1 and 2 in the sums in (17) to 1 + 2 ≤ 2 − 1, where is the free distance of the code. We assume that parameters 1 , 2 , and 2 of the hybrid RF/FSO system, and thus, the ratio 1 / 2 , cf. (10), are given. For the proposed CC and AP search we first have to select the desired constraint length and rate = / ≤ ,max ( and are integers) of the CC and the length of the AP. Subsequently, we generate all possible CCs with the prescribed and and all possible APs with the given and 1 / 2 . For all possible combinations of the generated CCs and APs we calculate the corresponding , and retain that combination of code and AP as the optimum one which has the minimum . Now, some remarks on how to choose and are in order. The decoding complexity is only affected by but not by . Larger will generally yield a better performance at the expense of a higher decoding complexity. The complexity of the proposed exhaustive search procedure increases with both and . For larger there are more generator polynomials to be examined and for larger there are more possible APs. On the other hand, since larger provide more flexibility in choosing the AP, larger generally yield a superior performance as compared to smaller .
B. Computation of ( 1 , 2 )
In the proposed search procedure, has to be calculated for each considered combination of CC and AP. Therefore, the GTF ( 1 , 2 ) has to be computed for each combination of CC and AP. For simplicity, we assume ideal interleavers and neglect any edge effects caused by finite length codewords. As mentioned before, the coefficients ( 1 , 2 ) of the GTF denote the number of error events with Hamming distances 1 and 2 in the FSO and RF sub-channels, respectively. Without loss of generality, we may assume that an allzero sequence was transmitted and the decoded codeword constitutes the corresponding error event. Thus, ( 1 , 2 ) is the number of codewords 1 and 2 with weights 1 and 2 , respectively. Based on this observation, we can efficiently compute ( 1 , 2 ) with the approach proposed in [21] .
For this purpose, we consider the trellis diagram of a CC with rate = / and 2 states , 1 ≤ ≤ 2 , with 1 being the all-zero state. For the th trellis segment we define the elements of 2 × 2 matrix ( 1 , 2 ) as follows [21] , [33] . If a trellis branch connects state with state , = 1 1 2 2 where 1 and 2 denote the number of "1"s assigned to 1 and 2 in the considered trellis segment according to the AP, respectively. If states and are not connected by a trellis branch, = 0. Considering a codeword of length ≜ 0 ⋅ lcm( , ), where 0 is an integer and lcm( , ) is the lowest common multiple of and , the GTF can be obtained as [21] , [33] 
where 11 ( 1 , 2 ) is the first element of the first column of matrix
In (27), we have exploited the fact that the CC trellis including the effect of the AP is periodic with period lcm( , ). Based on (26) and (27) the weights ( 1 , 2 ), 1 + 2 ≤ 2 − 1, can be efficiently computed using standard software such as MATLAB TM .
C. CC and AP Search Results
A few example CCs and APs found with the proposed search method are provided in Table II for RF channels with 16-QAM ( = 1/2 and 1/4) and 4-QAM ( = 1/3), respectively. As specified in Table I , we assume 1/ 1 = 1 Gbit/s and 1/ 2 = 250 Msym/s in this paper, which yields 1 / 2 = 1 and 1 / 2 = 2 for 16-QAM and 4-QAM, respectively, cf. (10) . Therefore, the coded bit rates over the FSO and the RF channels are equal for the 16-QAM case, whereas for the 4-QAM case the coded bit rate of the FSO channel is twice that of the RF channel. The codes in Table  II were optimized for = 2, which is valid for haze and = 3.5 km. We note that the optimum CCs and APs are not very sensitive to the exact value of . Thus, we employed the codes provided in Table II for all simulation results presented in Section VI. We also provide the free distance and the resulting value for , cf. (17), in Table II . For each code in Table II two different AP lengths are considered. As expected, the larger generally leads to a smaller , and thus better performance, due to the larger flexibility in assigning the coded bits to the sub-channels. However, for the considered examples the potential gains by using the larger are comparatively small.
V. CUT-OFF RATE OF HYBRID RF/FSO SYSTEM
Since the cut-off rate is a common performance measure for convolutionally coded systems 4 [35] , in this section, we evaluate the cut-off rate of the proposed hybrid RF/FSO system. To simplify the derivation, we assume random APs assigning on average 1 and 2 bits to the FSO and RF channels, respectively. For simplicity of notation, we drop time indices 1 and 2 in this section. Taking also into account the bit interleaver, we have 1 + log 2 ( 2 ) statistically independent parallel channels [18] for which the cut-off rate 0 (ℎ 1 , ℎ 2 ) for given channel gains ℎ 1 and ℎ 2 can be obtained as [36] 
where 1,max ≜ 1/ 1 , 2,max ≜ log 2 ( 2 )/ 2 , and
with Bhattacharyya factors 
respectively. Thus, a system which has instantaneous CSI (sub-channel fading gains) at the transmitter and performs independent BICM over both channels can achieve a cut-off rate of
Note that the sub-channel fading gains, ℎ 1 and ℎ 2 , change with time and do not have to be known at the transmitter if the proposed hybrid RF/FSO structure is adopted. This advantage over a system which knows the sub-channel fading gains comes at the expense of some potential performance degradation. In particular, assuming identical power assignment in both cases the inequality 0 (ℎ 1 , ℎ 2 ) ≤ 0,SNR (ℎ 1 , ℎ 2 ) can be established by exploiting the convexity of the logarithm,
)/ , and (9) and (28)- (31). On the other hand, the rate of a system which does not have CSI at the transmitter but performs independent BICM over both sub-channels is limited by
since such a system has to assign the same rates to both subchannels, and thus, will be limited by the weaker sub-channel. Since we consider a block fading channel, it is of interest to define the outage probability
i.e., the probability that the considered system cannot support a rate of target . The outage probabilities for systems with independent BICM over both sub-channels, with and without CSI at the transmitter, are defined analogously to (33) . We note that the outage probability of FSO systems in strong turbulence has been considered before in [37] .
VI. RESULTS AND DISCUSSION
In this section, we study the performance of the proposed hybrid RF/FSO system with joint BICM over both links under various weather conditions. As performance measures we consider the outage probability as defined in Section V and the frame error rate (FER). The adopted values for the various system and channel parameters are given in Table I .
A. Outage Probability
In this subsection, we adopt 16-QAM for the RF link, i.e., the coded bit rate of both sub-channels is 1,max = 2,max = 1 Gbit/s, cf. Table I . Figs. 3 and 4 show the outage probability as a function of the transmit power for the proposed hybrid RF/FSO system with joint BICM over both sub-channels for target rates of target = 1 Gbit/s and target = 500 Mbit/s, respectively. Performance under clear air, haze, and moderate rain are considered for a link distance of = 2.5 km. For comparison, the outage probabilities [dBm] Fig. 3 . Outage probability for target rate of target = 1 Gbit/s for hybrid RF/FSO system with joint BICM (proposed), independent BICM with CSI at the transmitter, and independent BICM without CSI at the transmitter, respectively. 16-QAM in RF link and = 2.5 km.
for hybrid RF/FSO systems performing independent BICM over both sub-channels are also shown in the presence and absence of CSI in form of the sub-channel fading gains at the transmitter, respectively. The corresponding cut-off rates are given in (31) and (32), respectively. For all considered schemes equal power assignment to the RF and FSO subchannels is assumed. Since with decreasing visibility the FSO link attenuation increases while the severity of the fading decreases, cf. Table I , for all considered schemes clear air yields the best performance for small but haze results in a better performance for larger due to the steeper slope of the outage curves. For all considered weather conditions independent BICM without CSI performs relatively poorly as performance is limited by the weaker sub-channel. Independent BICM with known CSI yields the best performance since the rates of both sub-channels can be perfectly adapted to the channel conditions. However, the proposed joint BICM scheme, which does not require instantaneous CSI at the transmitter, achieves an excellent performance, especially for target = 500 Mbit/s, where the loss compared to independent BICM with CSI is negligible in the considered range of outage probabilities. The improved robustness of joint BICM for lower target rates is due to the stronger channel codes that can be used in this case, which provide better protection against low SNRs in one sub-channel.
B. Frame Error Rate (FER)
Throughout this section we assume that a frame contains 200 information bits. Besides the proposed joint BICM scheme we also show results for repetition coding over both channels with selection diversity at the receiver (RC-SD) as proposed in [12] . In RC-SD the same information bits are transmitted over both links and the same link parameters (symbol rate, modulation schemes, etc.) are adopted as for joint BICM.
If coding is applied in RC-SD, the (identical) information bits transmitted over the RF and the FSO sub-channels are encoded separately, and, in general, with different codes. The [dBm] Pr{ 0 (ℎ 1 , ℎ 2 ) < 500 Mbit/s} Fig. 4 . Outage probability for target rate of target = 500 Mbit/s for hybrid RF/FSO system with joint BICM (proposed), independent BICM with CSI at the transmitter, and independent BICM without CSI at the transmitter, respectively. 16-QAM in RF link and = 2.5 km.
code rates ,1 and ,2 of the FSO and RF sub-systems are selected such that the resulting information bit rates ,1 / 1 and ,2 log 2 2 / 2 are equal to the information bit rate of the proposed joint BICM scheme. At the receiver, the signals received over both sub-channels are decoded independently and that decoded frame which is deemed more reliable (e.g. based on likelihood ratio considerations) is selected. For simplicity and to obtain a performance upper bound for RC-SD, in the presented simulation results, we assume that this selection is perfect, i.e., decoding is successful if at least one of the decoded frames is error free. For the proposed hybrid RF/FSO scheme we adopt the CCs and APs provided in Table II for all considered weather conditions. Optimizing the CCs and APs for the actual weather conditions would result in small additional performance gains at the expense of a considerable increase in signaling overhead (estimation of ) and complexity (on-line optimization of CCs and APs). If the maximum RF and FSO transmit powers are not constrained (Figs. 5, 7, 8) , we assign equal powers to both sub-channels as for the considered channel models the additional gains possible with the optimum power assignment in (23) are negligible. Table II) and RC-SD (uncoded RF and uncoded FSO link), respectively. Clear air and moderate rain are considered for a link distance of = 2.5 km. For comparison, we also show results for an uncoded FSO system, which yields a better performance than the uncoded RF system (not shown here). Note that all considered schemes have an information bit rate (data rate) of 1 Gbit/s. Fig. 5 shows that joint BICM (solid lines) and RC-SD (dashed lines) have the same diversity orders and both schemes achieve a diversity gain compared to an uncoded FSO system (dotted lines) by exploiting the RF link. However, joint BICM substantially outperforms RC-SD. For example, at FER = 10 −4 joint BICM yields gains of 4.3 dB and 4.0 dB compared to RC-SD for clear air and Table  II) and RC-SD (uncoded RF and uncoded FSO sub-channels), respectively, and uncoded FSO. = 2.5 km and information bit rate of 1 Gbit/s. Table II) and RC-SD (uncoded RF and uncoded FSO sub-channels), respectively, and uncoded FSO. 2,max = 10 dBm, = 2.5 km, and information bit rate of 1 Gbit/s. moderate rain, respectively. Furthermore, while joint BICM yields a performance similar to or better than that of uncoded FSO for all considered scenarios, RC-SD suffers from a 3 dB performance loss compared to uncoded FSO for moderate rain. For moderate rain the SNR in the FSO channel is substantially better than the SNR in the RF channel. Therefore, the simple RC-SD scheme chooses almost always the packets transmitted over the FSO link and the power assigned to the RF link is wasted.
For Fig. 6 we adopted the same parameters as for Fig. 5 . However, now the maximum RF power 2,max was limited to 10 dBm, which is the legal limit in Japan and Australia, cf. [4] , and for the proposed joint BICM scheme the RF and FSO transmit powers were assigned using the assignment scheme outlined in Section III-C. For RC-SD the powers were assigned in a similar fashion. Note that the maximum FSO out- Table II ) and RC-SD (16-QAM, ,1 = ,2 = 1/2, = 3, in RF and FSO subchannels), respectively, and coded RF ( ,2 = 1/2, = 3) and coded FSO ( ,1 = 1/2, = 3). = 2.5 km and information bit rate of 500 Mbit/s. put power is not important here as it lies outside the considered range, cf. [9] . The effect of RF power limitation is clearly visible in Fig. 6 as the FER curves for the two considered hybrid RF/FSO schemes are asymptotically parallel to the FER curves of the uncoded FSO link. Nevertheless, at FER = 10 −3 the proposed joint BICM scheme yields a gain of 9.5 dB and 2.7 dB compared to the FSO link for clear air and moderate rain, respectively. It is also interesting to note that for moderate rain both joint BICM and RC-SD benefit from the power limitation in the RF link as more power is assigned to the FSO link which has a higher SNR. Therefore, the respective FER curves in Fig. VI show an improved performance compared to those in Fig. 5 .
In Fig. 7 , we show the FER of hybrid RF/FSO systems with joint BICM (16-QAM, = 1/4, = 3, = 12, cf. Table II) and RC-SD and the FER of pure FSO and RF systems. For RC-SD and the RF system 16-QAM is adopted for the RF link. For RC-SD we employed independent BICM for the RF and FSO sub-channels using the code with ,1 = ,2 = 1/2 and = 3 from [32, Tab. 8.2-1]. The same code was also used for the pure FSO and RF systems. The information bit rate of all four considered systems is 500 Mbit/s. In Fig. VII , performance under light fog and heavy rain is considered for = 2.5 km. In light fog, the FSO system fails completely because of the high link attenuation. The RF system outperforms both hybrid systems by about 3 dB as the power assigned to the FSO link is essentially wasted in this case. Note that, in the considered range, the FER curves for moderate and heavy fog are practically identical to those for light fog. In contrast, in heavy rain, the RF system fails and the FSO system has the best performance. The hybrid RF/FSO systems still achieve an acceptable performance and perform about 3 dB worse than the FSO system. Fig. 7 shows that because of its ability to provide protection against low SNR in one sub-channel by exploiting the high SNR in the other sub-channel, the proposed joint BICM approach offers a robust performance (without requiring instantaneous CSI at the transmitter 5 ) even under extreme weather conditions. Fig. 8 shows the FER of hybrid RF/FSO systems with joint BICM and RC-SD with 4-QAM in the RF link, respectively, and the FER of an FSO system. Haze and moderate rain scenarios are considered for = 2.5 km. If full diversity is desired, the maximum code rate for joint BICM is = 1/3, cf. Section III-D. For joint BICM we adopt the code with = 1/3, = 4, and = 9 from Table II . For RC-SD the maximum free distance code with ,1 = 1/2 and = 4 from [32, Tab. 8.2-1] was used for the FSO link, while the RF link remained uncoded. The same code was also used for the FSO system. The information rate of all considered schemes is 500 Mbit/s. Fig. 8 confirms the superior performance of the proposed joint BICM approach as compared to RC-SD and FSO also for the case where the RF link supports a lower coded bit rate than the FSO link.
VII. CONCLUSIONS
In this paper, a novel architecture for hybrid RF/FSO systems has been proposed. Joint BICM is applied to the bit streams transmitted over the RF link and the FSO link resulting in a robust hybrid system. The provided asymptotic performance analysis has shown that properly designed CCs and APs can exploit the diversity offered by the independent RF and FSO sub-channels. An efficient search procedure for corresponding CCs and APs has been provided. In this context, an upper bound for the code rate has been derived which guarantees the existence of codes achieving full diversity. Furthermore, the optimum power assignment if the maximum RF and/or FSO transmit power is limited has been discussed, 5 We note that the proposed joint BICM scheme does require statistical CSI in form of the fading parameter as both in (17) and the optimum powers in (23) depend on . However, can be expected to change much more slowly than the channel gains. Furthermore, joint BICM also performs well if the value of used for CC and AP design differs from the value of in the actual channel.
and it has been shown that the RF link can be beneficial even if the maximum RF transmit power is limited. FER and cutoff rate results for typical system and channel parameters have confirmed the excellent performance of the proposed hybrid RF/FSO scheme for various weather conditions. This work can be extended in several directions. First, the CCs considered in this paper can be replaced by more powerful LDPC codes or turbo codes. Second, it would be interesting to investigate the effect of multiple transmitter and receiver apertures in both the FSO and the RF sub-systems on code design. Finally, code design for FSO and/or RF subsystems using multi-carrier techniques [32] , [38] is another interesting topic for future research.
APPENDIX
Using the modified version of the Gaussian -function
2 ) d and (14), the average PEP can be expressed as 2 ( ,¯)/(4 sin 2 ))}. To arrive at a closedform solution, we concentrate on the high SNR regime ( 1 ≫ 1 and 2 ≫ 1). In this case, it has been shown in [39] , [40] that the pdf (ℎ ) may be replaced by the first term of its Taylor series expansion [40] , [41] and 2 ≜ 2(1 + ) − , 2 ≜ 1 for Ricean fading [39] . We note that the conditions > and − ∕ = Z Z are valid in practice, cf. (3), (4), [6] . Exploiting (35) 
Combining (34) with (36) and (37) (15) .
